Objectives: Endothelial dysfunction is a common feature of type 2 diabetes. Recent studies suggest that the B-vitamin folic acid exerts direct beneficial effects on endothelial function, beyond the well known homocysteine lowering effects. Therefore, folic acid might represent a novel "biomarker" of endothelial function. We sought to determine whether plasma levels of folic acid determine endothelial-dependent vasodilation in patients with type 2 diabetes. Methods: Forearm arterial blood flow (FABF) was measured at baseline and during intrabrachial infusion of the endothelial-dependent vasodilator acetylcholine (15 µg/min) and the endothelial-independent vasodilator sodium nitroprusside (2 µg/min) in 26 type 2 diabetic patients (age 56.5 ± 0.9 years, means ± SEM) with no history of cardiovascular disease. Results: FABF ratio (ie, the ratio between the infused and control forearm FABF) significantly increased during acetylcholine (1.10 ± 0.04 vs 1.52 ± 0.07, p < 0.001) and sodium nitroprusside (1.12 ± 0.11 vs 1.62 ± 0.06, p < 0.001) infusions. After correcting for age, gender, diabetes duration, smoking, hypertension, body mass index, microalbuminuria, glycated hemoglobin, low-density lipoprotein cholesterol, and homocysteine, multiple regression analysis showed that plasma folic acid concentration was the only independent determinant (p = 0.037, R 2 = 0.22) of acetylcholine-mediated, but not sodium nitroprusside-mediated, vasodilatation. Conclusions: Folic acid plasma concentrations determine endothelium-mediated vasodilatation in patients with type 2 diabetes. These results support the hypothesis of a direct effect of folic acid on endothelial function and the rationale for interventions aimed at increasing folic acid levels to reduce cardiovascular risk.
Introduction
Impaired endothelial function is a common feature in type 2 diabetes (McVeigh et al 1992; Enderle et al 1998; Hogikyan et al 1998; Chowienczyk et al 1999; Kawagishi et al 1999; Makimattila et al 1999; Rizzoni et al 2001) . This might contribute to the increased cardiovascular morbidity and mortality observed in type 2 diabetes by accelerating the atherosclerotic process and enhancing the prothrombotic state (Stehouwer et al 2002; Landmesser et al 2004) .
Several factors including co-existing hypertension, obesity, insulin resistance, hyperglycemia, hypercholesterolemia, and a proinflammatory state may account for endothelial dysfunction in type 2 diabetes (Guerci et al 2001) . Folic acid, a B-vitamin, has recently gained considerable interest because of its potential to enhance endothelial function in several pathological conditions including coronary artery disease, smoking, familial hypercholesterolemia, and type 2 diabetes (Verhaar et al 1999; Chambers et al 2000; van Etten et al 2002) . Recent evidence supports the hypothesis that the effects of folic acid on endothelium may be "direct" (ie, independent) of the well known homocysteine lowering effects (Doshi et al 2002; Mangoni and Jackson 2002; . Folic acid levels might represent a "biomarker" of endothelial function, easily modifiable through safe, effective, and inexpensive dietary and/or pharmacological interventions. Therefore, we sought to determine whether folic acid plasma concentrations affected endothelial function in a group of patients with type 2 diabetes.
Methods Subjects
Twenty-six patients with type 2 diabetes (age 56.5 ± 0.9 years, range 46-65; diabetes duration 5.5 ± 0.6 years, means ± SEM) were recruited from diabetic and general medical outpatient clinics and through local advertising. The subjects had no history of angina, myocardial infarction, stroke, or peripheral occlusive disease. Hypertension (previous sphygmomanometric blood pressure values > 130/80 mmHg and treatment with antihypertensive drugs) was present in 16 patients. Antihypertensive treatment included diuretics in 6 patients, angiotensin converting enzyme inhibitors in 7, angiotensin II receptor antagonists in 3, beta blockers in 7, Ca channel blockers in 4, and alpha blockers in 2 patients. Antidiabetic treatment included oral hypoglycemic agents and insulin in 4 patients, oral hypoglycemic agents alone in 19, insulin alone in 2, and diet alone in 1 patient. None of the subjects were on vitamin supplements or drugs known to significantly alter folic acid and/or homocysteine blood concentrations. Microalbuminuria, defined as urinary albumin-creatinine ratio ≥ 2.5 mg/mmol (men) or ≥ 3.5 mg/mmol (women), was present in 8 subjects. The study had been approved by the Local Research Ethics Committee. Each subject gave written informed consent before starting the study.
Protocol
Investigations were performed in a temperature-controlled laboratory (25-27 °C). The subjects were asked to abstain from cigarette smoking and alcohol consumption from the evening prior to the study. Each subject underwent 2 visits. During visit 1, a physical examination and an electrocardiogram were performed, and blood pressure (BP) (mean of three consecutive readings after the subject was resting for 5 min) and heart rate (HR) were recorded. During visit 2, a fasting blood sample was taken (serum lipids and glucose, glycated hemoglobin, full blood count, homocysteine, and folic acid). Then, endothelial function was assessed by the perfused forearm technique.
Forearm arterial blood flow
The brachial artery was cannulated using a 27-gauge cannula connected via an epidural catheter to a infusion pump. Forearm arterial blood flow (FABF) was measured simultaneously in both arms (infused and control forearm) by strain-gauge venous occlusion plethysmography (DE Hokanson Inc, Bellevue, WA, USA). Measurements were obtained at baseline after each subject rested supine for 20 min and during an 8-min intra-arterial infusion of the endothelium-dependent vasodilator acetylcholine (15 µg/min, Clinalfa, Switzerland). After a second baseline was obtained, the endothelium-independent vasodilator sodium nitroprusside (2 µg/min, David Bull Laboratories, Warwick, UK) was infused. The doses of acetylcholine and sodium nitroprusside used did not have any systemic effect on BP and HR. FABF measurements were taken during the final 2 min of each step. Circulation to the hands was excluded 1 min before FABF measurement by inflating a pediatric cuff around the wrist at 200 mmHg. Vasodilators were stopped 5 days before FABF assessment. This washout period was considered adequate, as the elimination halflife of vasodilators ranged between 11 and 22 hours.
Folic acid and homocysteine
Serum folic acid was measured from fresh samples by competitive protein binding enzyme immunoassays on the 31.4 ± 1.1 (29.2-33.6) Plasma glucose (mmol/L) 11.4 ± 0.8 (9.7-13.2) Glycated hemoglobin (%) 8.3 ± 0.3 (7.6-8.9) Serum folic acid (µg/L) 8.0 ± 0.6 (6.8-9.3) Plasma homocysteine (µmol/L) 11.7 ± 0.4 Folates and endothelium in type 2 diabetes
Centaur analyzer (Bayer Diagnostics, Newbury, UK). The coefficient of variation was 5.2%. Fasting venous blood samples were collected into tubes containing disodium EDTA and tubes without anticoagulation. The samples were centrifuged at 1800 g within 30 min, and the plasma and serum separated and stored at -20 °C. Plasma homocysteine was determined using a fluorescence polarization immunoassay on an IMX analyser (Abbott Diagnostics, Maidenhead, UK) (Refsum et al 1989) . Between-batch imprecision was assessed at homocysteine concentrations of 7.0, 12.5, and 25.5 µmol/L, and coefficients of variation of 2.4%, 2.3%, and 1.6% respectively were obtained (n = 19). 
Statistical analysis

Results
Baseline characteristics are illustrated in Table 1 . No patient had biochemical or clinical evidence of folic acid deficiency. A significant increase in FABF ratio was observed during acetylcholine (1.10 ± 0.04 baseline vs 1.52 ± 0.07 during acetylcholine, p < 0.001) and sodium nitroprusside (1.12 ± 0.11 baseline vs 1.62 ± 0.06 during sodium nitroprusside, p < 0.001), indicating significant vasodilatation in the infused arm. Univariate analysis of baseline clinical and biochemical parameters did not show any significant relationship apart from a negative correlation between homocysteine and glycated hemoglobin concentrations (Table 2 ). After correcting for age, gender, diabetes duration, smoking, hypertension, body mass index, microalbuminuria, glycated hemoglobin, LDL-cholesterol, and homocysteine, multivariate regression analysis showed that folic acid concentration was the only significant and independent determinant of acetylcholine-mediated endothelium-dependent, but not of sodium nitroprussidemediated endothelium-independent, vasodilatation (p = 0.037, R 2 = 0.22; Tables 3 and 4) .
Discussion
Folic acid levels significantly and independently determined forearm endothelium-dependent, but not endotheliumindependent, vasodilatation in a group of stable patients with type 2 diabetes. Therefore, blood concentrations of this Bvitamin might represent a biologically and clinically useful marker of endothelial function in these patients. Endothelial dysfunction is an independent predictor of mortality in patients with type 2 diabetes followed up for 9 years, even after correcting for urinary albumin excretion and markers of inflammation (Stehouwer et al 2002) . Therefore, enhancement of endothelial function might provide significant cardiovascular protection.
The ameliorative effects of folic acid supplementation on endothelial function have been traditionally ascribed to its homocysteine lowering effects (Mangoni and Jackson 2002) . It is well established that homocysteine acutely and chronically impairs endothelial function by inhibiting the synthesis and release of nitric oxide and enhancing the production of superoxide (Zhang et al 2000; Mangoni and Jackson 2002; Weiss et al 2003) . Therefore, lowering of homocysteine levels might explain the enhancement of endothelial function following folic acid treatment (Bellamy et al 1999; Woo et al 1999) .
Recent studies, however, support the hypothesis that folic acid exerts direct effects on the endothelium (Doshi et al 2002; . There is in vitro evidence that 5-methyltetrahydrofolate, the active form of folic acid, interacts with the enzyme endothelial nitric oxide synthase (eNOS) in a fashion analogous, yet independent, of the cofactor tetrahydrobiopterin to enhance endothelial function (Hyndman et al 2002) .
The results of our study suggest that folic acid, by directly interacting with eNOS, directly modulates NO production and endothelial function, independently of established markers of endothelial dysfunction and cardiovascular disease in type 2 diabetes. Of note, none of the study subjects had folic acid deficiency, suggesting that a "relative" rather than an "absolute" deficiency may already provide adverse effects on endothelial function. This might have important clinical implications, as folic acid levels can be easily and safely increased by dietary intervention and/or vitamin supplementation (Lucock 2004) .
Our patients were on several antihypertensive and hypoglycaemic drugs affecting endothelial function, thus potentially limiting data interpretation. Although antihypertensive vasodilators were stopped at least 5 halflives before the study day, we ran another regression analysis to study the effect of antihypertensive and hypoglycemic treatment. None of these drugs affected the relationship between folic acid levels and endothelial-dependent vasodilatation (data not shown). The limitations of our study are related to the relatively small sample size, the lack of data on oxidative stress markers to further support a beneficial effect of folic acid on eNOS activity, and the absence of "hard" end points such as cardiovascular morbidity and mortality. Larger randomized controlled studies are urgently needed to demonstrate whether folic acid reduces cardiovascular risk in type 2 diabetes.
